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Abstract 
In this paper, we propose an optimized Network-on-Chip (NoC) design for data parallel FFT applications. NoC based 
architecture is proposed for future multicore processors due to its scalability. FFT is widely used in digital systems. 
The implementation of FFT on conventional architectures have been studied. However, the evaluation of data parallel 
FFT in a NoC platform has not been well addressed. We analyse data parallel FFT in terms of traffic patterns and 
propose an optimized NoC design. Experiments show that, the execution time of our optimized design is 12.13% 
faster than the original. 
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1. Introduction 
Network-on-Chip (NoC) has been proposed from both academia and industry as a promising approach 
for future multi-core systems with hundreds or even thousands cores on a chip [1]. In NoC based design 
approach communication infrastructure is created beforehand and after that computational resources are 
mapped to it by using resource dependent interfaces. Processing Elements (PE) in a NoC are connected by 
routers (R) and network links, and data are transferred via network interfaces (NI), in the form of network 
packets. Figure 1 shows a mesh-based NoC with 16 nodes/tiles (N). Each PE contains a NI and a core 
with private L1 cache and shared L2 cache. The router includes a Routing Computation Unit (RCU), a 
Virtual Channel Allocator (VCA), a Switch Allocator (SA), a Crossbar Switch (CS), several Virtual 
Channels (VC) and input buffers. This modular approach also provides more efficient communication and 
higher bandwidth [1]. Intel (Intel is a trademark or registered trademark of Intel or its subsidiaries. Other 
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names and brands may be claimed as the property of others.) has demonstrated an experimental x86 
microprocessor containing 48 cores on a chip. The chip implements a 4×6 2D mesh network with 2 cores 
per tile [2]. Tile-Gx, the latest generation of NoC from Tilera, brings 16 to 100 processor cores 
interconnected with a mesh on-chip network [3]. 
 
                                              Fig. 1. A 4×4 NoC using mesh topology.
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The Fast Fourier transform (FFT) is a fast algorithm to compute the discrete Fourier transform. FFT is 
widely used in digital signal processing, solving partial differential equations and multiplication of large 
integers. Broadband wireless communication is a famous application field that heavily rely on FFT. In 
modern wireless communication, Orthogonal Frequency-Division Multiplexing (OFDM) is developed 
and widely used, due to the fact that OFDM is capable of coping with bad channel conditions (e.g. IEEE 
802.11a/g/n WLAN, IEEE 802.16 WiMAX, 3GPP Long Term Evolution and DVB-H for mobile TV) [4] 
[5] [6] [7] [8]. In OFDM, FFT is implemented on the receiver side and inverse FFT on the sender side to 
achieve efficient mmodulation and demodulation. Previous generations of wireless standards, e.g. IEEE 
802.11a, use an FFT of 64 points. Latest standards, e.g. 802.16, scale the FFT to the channel bandwidth. 
The allowed FFT subcarrier numbers are up to 2,048 in 802.16 and 8,192 in DVB-H, respectively. 
There are many FFT algorithm implementations, the most common FFT is the Cooley-Tukey 
algorithm [9]. Other algorithms have been proposed to reduce complexity of FFT, including reducing the 
required multiplications and additions. A famous algorithm is the split-radix FFT, which achieves the 
lowest arithmetic operation count [10]. Implementing FFTs on multi-processor systems has been studied 
in [11] and [12]. However, the implementation and optimization of data parallel FFT in a NoC platform 
have not been well addressed. In our paper, we analyse a data parallel FFT algorithm with on-chip traffic 
trace data, propose and discuss a novel optimized NoC architecture which aims to reduce the latency of 
long distance communications and improve the efficiency of data parallel FFT. To confirm our study, we 
model a NoC with 4×4 mesh, present the performance of the data parallel FFT with different NoC designs 
using a full system simulator. 
2. An Optimized Network-on-Chip Design 
We select a one-dimensional, radix-n, six-step FFT algorithm from [13]. There are two input data sets, 
one with n2 complex data points is to be transformed, and the other with n2 complex data points is 
referred as the roots of unity. The two data sets are organized and partitioned as n×n matrices, a partition 
of contiguous set of rows is assigned to a processor and distributed to its local cache. The six steps are: 
(1), Transpose the input data set matrix; (2), Perform one-dimensional FFTs on the resulting matrix; (3), 
Multiply the resulting matrix by roots of unity; (4), Transpose the resulting matrix. (5), Perform one-
dimensional FFTs on the resulting matrix; (6), Transpose the resulting matrix. The communication among 
processors can be a bottleneck in the three matrix transpose steps. During the matrix transpose step, a 
processor transposes a contiguous sub-matrix locally, and a sub-matrix from every other processor. The 
transpose step requires communication of all processors. It is shown in [14] that, fast data transfer 
between processors is the most dominant factor for this application (Step (1), (4) and (6)). Traffic 
hotspots and contentions could occur in an unoptimized system, and thus the overall performance is 
degraded. 
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2.1. FFT Traffic Pattern 
Firstly, we need a detailed overview of the traffic. Figure 2 shows the network request rate of each PE 
when running FFT in a 16-core NoC under GEMS/Simics simulation environment. The detailed system 
configuration can be found in Section 3. In Figure 2, the horizontal axis is time, segmented in 216K-cycle 
percentage fragments. The traffic trace has 1.64M packets, with 21.6M cycles executed. The traffic is 
shown for all the 16 nodes. It is revealed that, 63.9% of data traffic are concentrated on five nodes (N0 
29.6%, N8 6.7%, N11 10.0%, N13 8.7% and N15 8.8%). There is a traffic peak for all nodes during the 
last stage of execution (around 80% of the time). Three nodes (N0, N8 and N15) have hotspot traffic in 
the beginning. The top point-to-point traffics are listed in Table 1. A small portion of source-destination 
pairs generated a sizable portion of the traffic, e.g. 3.13% of the pairs (8/256) generated 32.07% traffic. 
Notice that traffic between N0 and N11 contributed 10.97% of total volume. 
 
Fig. 2. Network request rate for 16-core NoC running FFT. The time is segmented in 216K-cycle/percentage. 
 
Table 1. Top Point-
to-Point traffics for 16-
core NoC running 
FFT.Source Node 
Destination Node Traffic Percentage 
0 11 7.43% 
0 4 4.11% 
0 3 3.94% 
15 11 3.66% 
13 6 3.63% 
11 0 3.54% 
0 12 3.49% 
8 11 2.27% 
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2.2. Network Latency 
Assuming XY deterministic routing, Equation 1 shows the access time (latency) required for a core-
core communication. The latency involves in-tile links (Between NI and router, LLink_delay1), router 
(LRouter_delay), tile-tile links (LLink_delay2) and the number of hops required to reach the destination (nhop).  
L = 2 × LLink_delay1 + ( nhop + 1 ) × LRouter_delay + nhop × LLink_delay2 (1) 
In order to evaluate the detailed number of cycles required for each of these metrics, we model the 
NoC according to Sun SPARC [15]. Each SPARC core with private L1 cache has an area of 14.45mm2 
with 65nm fabrication technology. We simulate the characteristics of a 16MB, 16 banks, 64-bit line size, 
16-way associative, 65nm L2 cache by HP CACTI [16]. Results show that, each cache bank, including 
data and tag, occupies 12.09mm2. We calculate that, a 5-port router is estimated to be 0.23mm2 under 
65nm. Hence the area for a tile of the NoC is around 14.45+12.09+0.23=26.77mm2. Considering a NoC 
with 16 tiles, the total area is about 428.32mm2, comparable with modern chip multiprocessors, such as 
Sun SPARC and IBM Power 7. In this research, we assume that each tile and each router is of a square 
shape, and thus the length of an edge is 5.17mm and 0.48mm for a tile and a router, respectively. 
We calculate the delay for the links between routers, NIs, cores and caches using Cadence Spectre, 
since the latency will be determined by the physical length of the link. For inter-router long links in 
voltage-mode transmission, the wire delay is significant. Repeaters are inserted to reduce the wire delay 
in long links over 0.5mm. The delays are calculated under 2.5GHz, with a cycle of 400ps. Notice that the 
in-tile links between NI and router are very short, e.g. Less than 0.5mm. The transmission can be 
completed within one cycle. For a router in the NoC, there are several parts (e.g. RCU, VCA, SA and CS) 
that will affect latency, depending on the number of pipeline stages. In our paper, we use a standard router 
of four pipeline stages. The tile-tile links are much longer than in-tile links. For example, the length of a 
tile-tile link connecting two routers is 4.69mm. In consideration of the synchronization of these pipelined 
long links, a data transfer requires 6 cycles. Assuming a packet sending from N0 to N11, it will go 
through N1, N2, N3 and N7, resulting 5 hops. Hence the latency is calculated as: 2×1+(5+1)×4+5×6=56 
cycles. 
By noticing that some source-destination pairs generate significant amount of traffic, we propose direct 
long links as an optimization method. The delays of intermediate routers are eliminated. For instance, a 
long link can be placed between N0 and N11 directly. In this case, the latencies of LRouter_delay for N1, N2, 
N3 and N7 will be eliminated. However, the number of links that can be routed in a NoC is limited by the 
router size and the area of the links. The limitation of router area is more significant than the long links 
itself. A typical router in a 2D mesh NoC has five ports to connect to five directions, namely, North, East, 
West, South and Local PE. This requires a 5×5 crossbar. Researches have shown that [17], crossbar 
occupies over 50% of the router area. A 7×7 crossbar doubles the area compared with 5×5. Therefore, 
adding too many long link can be undesirable. We note that the router of N0 has only 3 of 5 ports utilized 
(North, East and Local PE), which leaves 2 free ports. Other routers have free ports as well, e.g. N3 and 
N11 have 2 and 1 free ports, respectively. In our optimized design, we connect N0-N11 and N0-N3 with 
long links. Other pairs are not practical with long links, e.g. despite the fact that the communication 
between N0 and N4 is more frequent than N0 and N3, they are directly connected. Connecting N6 with 
N13 will require an expansion of the crossbar of router in N6, which is not favorable. Equation 2 shows 
the latency for a core-core communication with long links. 
LL = 2 × ( LLink_delay1 + LRouter_delay ) + LLonglink_delay (2) 
The latency of the long links (LLonglink_delay) between N0-N3 and N0-N11 will be much higher than 
LLink_delay2. We calculate that the length of link between N0 and N3 is 15.03mm. Based on the 
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aforementioned wire delay model, a data transfer requires 18 cycles under 2.5GHz. Comparing with the 
original communication delay (2×1+(3+1)×4+3×6=36 cycles), the delay of N0-N3 long link is reduced to 
28 cycles. The savings are mainly from two routers. The length of N0-N11 long link is 24.89mm, 
resulting 32 cycles for a data transfer. The reduction of the communication latency for long links between 
N0 and N11 is higher than N0 and N3 (42/56=0.75 and 28/36=0.78 respectively). Taking into account of 
the 10.97% communication volume between N0 and N11, system performance can improve with our 
optimization. It is noteworthy that placing long links all over the NoC will incur higher design complexity 
of both hardware and software. 
2.3. Routing Algorithm 
Adaptive routing is used widely in off-chip networks, however deterministic routing is favorable for 
on-chip networks because the implementation is easier. We implement a modified XY deterministic 
routing algorithm to avoid deadlocks. When a PE P1 generates a request to another PE P2, the router of P1 
checks whether the long link between two PEs exists. The routing path is computed as P1 → P2 with 1 hop 
with long link connection. The same path is used for communication of P2 → P1. If the long link between 
two PEs does not exist, the request will follow the XY routing algorithm, i.e. the request will first travel 
along the X direction, then it will be routed in the Y direction. As aforementioned, we did not increase the 
number of ports in a router, therefore the router components are not modified. 
3. Experimental Evaluation 
3.1. Experiment Setup 
The simulation platform is based on a cycle-accurate NoC simulator which is able to produce detailed 
evaluation results. The platform models the routers and links accurately. We use a 16-core network which 
models a single-chip NoC for our experiments. A full system simulation environment with 16 nodes, each 
with a core and related cache, has been implemented. The simulations are run on the Solaris 9 operating 
system based on the UltraSPARCIII+ instruction set in-order issue structure. Each processor core is 
running at 2GHz, attached to a wormhole router and has a private write-back L1 cache (split I+D, each 
32KB, 4-way, 64-bit line, 3-cycle). The 16MB L2 cache shared by all processors is split into banks (16 
banks, each 1MB, 64-bit line, 6-cycle). We setup a system with 4GB of main memory, and the latency 
from the main memory to the L2 cache is 260 cycles. The simulated memory/cache architecture mimics 
SNUCA [18]. A two-level distributed directory cache coherence protocol called MOESI based on MESI 
[19] has been implemented in our memory hierarchy in which each L2 bank has its own directory. The 
protocol has five types of cache line status: Modified (M), Owned (O), Exclusive (E), Shared (S) and 
Invalid (I). We use Simics [20] full system simulator as our simulation platform. 
3.2. Result Analysis 
We evaluate performance in terms of Average Network Latency (ANL), Average Link Utilization 
(ALU), Execution Time (ET) and Cache Hit Latencies (CHL). ANL represents the number of average 
cycles required for the transmission of all network messages. The number of cycles of each message is 
calculated as, from the injection of the message header into the network at the source node, to the 
reception of the tail flit at the destination node. ALU is defined as the number of flits transferred between 
NoC resources per cycle. Under the same configuration and workload, lower values of these metrics are 
favorable. 
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Fig. 3. Normalized performance metrics with original and optimized NoC for FFT. 
 
The results are depicted in Figure 3. Our optimized NoC architecture outperforms the original design 
in all metrics. For example, the ANL for the optimized NoC is 9.89% lower than the original. This is 
primarily due to the lower latencies between hotspot nodes, e.g. N0-N11 and N0-N3, compared with the 
original design. As aforementioned, the transpose steps in FFT require communication of all processors 
(especially the last stage, see Figure 2). We note that the communication is not evenly distributed to all 
processors. In this case, reducing the delay of the hopspot nodes by adding long links is a feasible method. 
The ALU of FFT for our optimized design is 2.15% lower than the original as well. Apparently, the 
improvement is not as significant as ANL. The reason is that, there are only two additional links which 
can alleviate the overall link load. The CHL in our design is 4.66% lower than the original, because of the 
reduced latencies. Overall, in terms of ET, our design uses 12.13% less time than the original. This 
reflects the savings of ANL, ALU and CHL. 
4. Conclusion 
In this paper, we proposed an optimized Network-on-Chip architecture for data parallel FFT. A one-
dimensional, radix-n, six-step FFT algorithm was selected. We analysed low-level traffic pattern for FFT. 
Several hotspots were found. To evaluate the network latencies, we model an on-chip network based on 
modern multicore processor. An optimization method, namely long links between hotspot nodes, was 
introduced. Results show that, the reduced latencies have a strong impact on system performance. The 
execution time of our optimized design was 12.13% faster than the original design. The results of this 
paper give a guideline for designing Network-on-Chips optimized for data parallel FFT. 
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